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© Modal transmission method and apparatus for multi-conductor wireline cables. 

^nlTT '^''^''^^^ transmitting multiple, independent electrical sfgnais over a 

s^rr? ''"'"^'"S encountered with customary 

mrLi! 1'^ ^^"^^^^'5 is 2on>. With no coupling, frequencydependent mutual 

impedance losses are effectively ah'minaied. y j uo.u muiuai 
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MODAL TRANSMISSION METHOD AND APPARATUS FOR MULTNCONDUCTOR WIREUNE CABLES 

na»e not kept pace. The development of the silicoa Integrateo-circuil microprocessor has m,rf« nn«iM 
tha? 'orS aDoe^ t h ^ development of opfcal flt>er cablos for use In the boreLe 

.nqlv oreater b!n^^^ , be transmitted become correspond- 

■ngiy greater, better data transmission means over these standard cables must be four,d. 

-*lrlr> n'"'*!:!" '"^^'"^' ' adored cable, commonly referred to as a 

cZ uol'LT '°99-9.-«l>'»'n' to provide power and controrsignals to rede 

« 0 ece t co^^^^^^^^ ' '"^^ ' ""'^ '"^^ ''^ "-"'^ '500 mete? long in a ^n^e 

Ta semicond.^^^^ "'"'^ ""^^^"^ conductor embedded 

^l.c^LSlSl^lr:::?''"'^'' °' '"^ '^'^ ■^"9"' '° » ""^^er Of special 

S"Le fon^ h/Jr. '""""'f'^^ """""" °' electronics such as computer design, but 

V .° "^""P'*- P'^e^ transmission industry and long-d.stance 

n trnerr.r^nSrso?^ h 7"' ''"^ ''''' '"''"""^ ^"^^ '''^ «ed b 

praciitlcnars ry^ng to solve daa transmission problems in the wireline logging industry 

dsmonl^a';^ Tor ^Z '""^'''''^ '^^'^^ «' 9«a.er ndelity from logging tools. tf,e behaviour 

.so2rv 1 L? ''econiing clearly unacceptat^Ie. These responses 

mL Tfn !'h '"^ °' °f ''*9''-sP~d digital data where me signal sp^um 

may be spread over a ve^. ^de band. Moreover, close examination of the possibilities will show lh«iha 

3S wh c rn^.'"' ""ir' °' ' °' »'9nais. as'there Je no ^^0^^ wi 

Z L lT ^""'f ""^""3 ""^"^ unfortunately, it is also very difficult to cLper«te 
"natns in "r^^ °' ' """"'^ to'^w.de ^Id un^^Se 

.^^^rr^h:::^!-.^^^^^ — - — 

^0 comSLr" P^o-ides a method (or transmlning data through such a cable. 

sub^^T^^"^ '^^'^ «'''"9 on the conductors of at least one conductor pair such that 

and orovTn "^""""^^ dependant signal attenuation in the logging cable 

» deoennXeTrrerSntl' T"^''"'"^ «dapende««y o. temperature and env^o'nm'eSly 
borehote. anV "'^«'-*'"<^"«" "''P'-'^S m (r,e logging cable while the cable Is being used in a 

b) receiving the data which is transmitted through the cable 

such a cSonmuS''- H™''''!f ' '"dependent data signab mrouoh 

a cab e on mu^nple .ndependent channel and with improved bandwidth, comprising: ' 
a) for each such channel, selecting at least two pairs of conductors for transmltUng tne same data on 
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each pair, such ihat: . 

; i) substantially all non-selected conductors in the cable are substantially eaually couoten ,„ 
oppcsueiy gcng conductors in th, selected data carryine conductors, and such ^ me J 1 "«e^ da« 
wh.ch IS- coupled inducovGly and capacitivoly into the non-selected conductors is for ea.i T,fh n„ 
s selected conductor, accordingly coupled substantially equally in both dire^ onV or polSs ^ca^^^^^^^ 
cou ng of the data s,gnals from the selected conductors into each ol the non-seieceS conductors to ba 
ettecfvey cance ed due to the symmetrically presented but opposlmly signed coupled sign^rma?eby 

Tn h Zi:;tt;Lrr '"^""S depend'antsignaTlnu on' 

.n the loggmg cable and providing for wnproved bandwidth data transmission Ir^depend9ntly of tamoeraturo 
'0 and envonmentally dependent changes In inter-conductor coupling in the logging cable whS iTclt^Z 

with another, are a unique set of conduaors for that ctiannol. 

b) lor each such channel, transmitting the data for that channel' 
« rnnH , " '""^'^""^"y "^"^"f ^ach sslocted pair, such that the signal levels for jnar data on one 
Z^rfV r "^^''^'^ ^'"^.^ «^°« °" conductor of the other pir. and those on tie 

11 T T ''" '""^'^'^'^ in each pair ar^ 

oppositely going conductors for the data signals, and 

^1 ""^""^ "^'^ "^^^ conductor additively superimposed thereon 

regardless of the var«us channels with which those particular data signals are associated and 
«rh nf ["^ deta Which is transmitffld through tne cable by extracting tho various data signals for 

each of the channels from the superimposed signals. 

According to the present Invention lurthemrwre an apparatus is provided for transmitting data through a 
CdOiQ, comprising; - ^ 

„„-h ''^^'^ oppositely going on the conductors of at least one conductor pair 

such that substandally ail non-selected conductors in the cable are substantially equally coupled to 
opposilely going conductors ,n the selected data carrying conduaors. and such that the transmitted data 
rll;^ inducuvely and capacitlvely into the non-selected conductors is. lor each such non- 

selected conductor, accordingly coupled substantially equally in both directions or polarities to cause 

ITZ '""^ ''^^ °' "on-selBcted conducwrs to be 

etfectivefy cancel ed due to the symmetrically presented but oppositely signed coupled signals, thereby 
e«e«.vely neuual.zmg mutual Impedance-caused bandwidth limiting irequency dependant signal attenuation 
the logging cable and providing for improved bandwidth data transmission independently of temperature 
befng~:t/eirl"' — "-^-or coupling in the U,gging caPle while the cable is 

b) means tar receiving the data which is transmitted through the cable 

^^r^^lTJZ^Tr.^' "PP""'"" transmitting multiple. Indepen- 

dem data signals through such a caDle on multiple, independent channels and with improved bandwrtth 
corTipnsing; 

same H^J^'V"^^ channel, moans for selecting at least two pairs of conductors lor transmitting the 
same data on each pair, such that: w " " 

i'^ sub^^tially all non-selected conductors in the cable are substantially equaJly coupled to 

se^S«H and capacitively into Ihe non-selected conductors is. for each such non- 

^ «2n «MH "^TT T^'^' substantially equally in both directions or polariUes to cause 
ThTI If! T"'' '^^"^ »' n»«-"'octed conductor, to be 

ejecovely cancelled due to the symmetrically presented but oppositely signed coupled signals, thereby 

.n the tenn.rSf 7'"'^ '^P«f»'««^"*«l bandwidth limiting frequency dependant signal attenuation 
m the logging cable and providing lor improved bandwidth data transmission Independently of temperature 

« Tefng u^dTatI;hrT """'^ ~"P«"0 ^ 'he cable Is 

uni«u« J/ T ^"'^"""f -^te Pe^nited to share conductors with another, are a 

unique set of conductors lor mat channel. 

b) lor each such channel, means lor transmitting the data for that channel- 
c^r^^rJ ^'""^"f 'y «"» »«"»"ed pair, such that the signal levels lor that data on one 

oU?er .?„H f^' T -""^ to ^» conductor of th oth r pair, and (hose on°Je 

oool»r 'T "q""" tt each other, and the conductor in eacTpS a^e 

oppositely going conductors for the dau signals, and 

ii) with the various data signals for each such selected conductor additively superimposed thereon 
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regardless of the various channels with which those Darticular riflm dnn^i. • . 

conduoors in .cable such « that illustrBleVinTg.^r °' 
Rg. 3 is a oraphical illustration of ihe cross-couolino f«snftn«a . 
'0 In a cable Of tfw type illustrated in Rg i • fesponsa of one pa.r of conauctors into another 

tors: seieciea conductors into the vanous non-selected conduc- 

« is a,so2n^j:rr' °' '^"^^ ^ -•''^ «He center ccnduc.or 

" oau .a?si^n%^?it;t;'r^^^^^ ^ ^^''-""^ — - -ponso for . 

far end';' me caJer''"' "^""^ °' ^'9"^' c-ssoupled signal ,or the '--T 

S" ,1 L'^h^lf^i'"'^'^"^ " ' ' "^^ °' »nd ■ ^ 

cbc.na?.;' ra^^aleSrtnr ^^^^^^ ^'^^"'-^^ ^« 

throu7aI"rnd^c.o?to'rS^^^^ T'^*^ ^PP--"^ •^--'*"9 dala 

f=or a good underSiSno Jf ! a^co^a-ng <o the present invention, will now be dosaibod. 

applications ""'"^""^'"9 above-mentioned problems first an overview is given of prior art 

-^^'t^:^r'^:%:r:tj:^, r' TTr ^^-^ ^ '"^^'-^ 

transmission of one signal Another nJr ?fi LZ^t , ""'^ " ^ *™ for 

wouw be for tt. sfgnrtf^S;^^^^^^^^ ^ """'^ ^'sna.. and the U.st pair. 3-S. 

conouaor 7. (The reason hl^^ >,1 ''^"''^ reluctantly be transmitted on the center 

industry. ^ °" '^"^ ^'^ ^''^^ be.««ved to have long been common in ,Le 

distnbu.edtransfom,.rpndu«My coupled? »^ ' 

3. R?Vs?c^s°i,?L^?"'°" charaaeristics of either pair is remarkable, as Illustrated by Rgs 2 and 

Herman t^^'Z SeT^rSS^Xr^ ^ 

ends to eliminate reflocJonT^mUTnLs 2 ic m Lfr'*"'''' '^"""^ "•^'^ « "^'^ 

and terminating resistance? ' 5 " ""^■^^"'^ '"^ °^ ""^ » "'a line 

tha notch at 7? kJ, bZ , """P'^s*! ""vvanted minima at both 25 kHz and 73 kHz 

implies ^ In^.to^^^L J^'''^' '^"P- """^ Ph^e Characteristic shown In Rg 2 

from ^ "'^"^ discontinuities would be axpe«ed 

(measured ^Tur J^'SZS ^VlV^^^ T'""'"""^ P*' 

.0 peaks at 25 kH. and 73 ^:TJ:nrZT.Z':^ti "7 ""^^"^ 

on a Single pair. ^ ^ ^."'9^ ^= »ow-frequ«ncy transmission response 

«ood"r In^oTS^^^^^ '"^r- that ta^en singly. a reasona5l, 

potential drops along the wir Tne whicJ p?^^^^ ^""'l?^ ^^^^^^^ ^^^^^'^^'^'^ ^"^iect to 

men partiaJly. add to. and become part of, rhe transmitted signaJ. (n 
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convenUonai instrumentalion circuits, signals are iransminsd diffBrentialty. and patenrlal drops (commcn- 
mod8 signals) along the cable route do not become part of the normai-moda signal. Use of the center 
conduaor as a data paxh leaves it vulnerable (o interference which will oe unpredictable. (In one welJ. for 
example, the potential drop from the surface to th© bottom of the casing ai 20 m was almost 2V ac.) Use at 
5 the center conductor, with the armor as a return, for transmission of 60 Hz power is still acceptable 
however, as volt-tevel Interference in a iSOV ac power supply is of little consequence. 
^ Referring again lo Fig. 2. the notch at 73 kHz essentiaJly sets an upper limit on the data rate, even 
though frequencies above this resonance can be passed without such severe attentuation. TTiat Fourier 
analysis of a modulated data signal at a frequency above 73 kHz will show that (hat signal includes 
to harmonic components in the lower frequency ranges. The loss of components in the 73 kHz range may be 
laUl to the integrity of that higher frequency data. Accordingly, the problem as discussed in more 
generalized terms above can be reduced in a simpler aspect to one of eliminating the imer-conductor 
coupling losses, such as shown In Fig. 2. if possible. 

Thus l[ is an object of tne invention to eliminate these imor-conductor coupling losses without ariy 
'5 physical modifications to the actual cables themselves. 

Funher. to be of any significant uUlity in this industry, such a solution should be of a generalized form 
which is widely and easily implemented wiinout regard to the specific physical characteristics of any 
particular cable in a given class such as. for example, the seven-conductor cable described above. 

Moreover, such a solution should be Inexpensive, uncomplicated, versaUle, and reliable, so that it can 
to be easily installed and used on virtually any borehole logging cable operation, without the need for spedal 
training of personnel, extraordinarily expensive equipment and- so forth. 

The present invention meets the above needs and purposes with a cost-effective, uncomplicated, and 
versatile method and apparatus which can be easily implemented on virtually any such logging cable 
installation or application. To explain how this is done, firstly in short a physical mcdel of the sysiem Is 
5 presented, then a mathematically rigorous analysis will be developed which. It will be found, is wholly 
consistent with the physical model. 

To understand the physical modal, consider First what is happening at the 73 kHz represented in Fig. 2. 
As described earlier, it can be seen that this Is essenUally a resonant frequency in me cable at whJch 
capacitive and inductive effects cause nearly all of the energy in the conductor to be coupled into adjacent 
conductors. In another cable the frequency would probably be slightly different, but the same general 
physical phenomenon takes place. Now, if the energy could somehow be prevented from coupling into 
adjacent conductors, it would have to remain in the primary or selected conductor. Conceptually, therefore, 
.t ts somewhat easier to visualize Ih© invenlion if one thinks, not of trying to keep the energy in the primary^ 
conductor, but rather of what one can do to keep the energy out of the non-primary or non-selected 
conductors. Again, if the net energy transfer into non-selected conductors is zero, it follows that there is no 
energy coupled Into those conductors, and thus it remains where it was intended to remain - in the selected 
conductor. 

While it might be possible to achieve this result using but a single pair of selected signaJ-carrying 
' conductors in some cable configuraUons. it is not possible to do so in the seven-conductor cable which is 
Wrtualiy the only mulU-conductor cable configuration presenUy used In the logging industry. As taught Oy 
the present invenlion. however, it has been found that, by using multiple pairs of conductors for carrying a 
given data channel, it is possible to avoid coupling energy into, and therefore losing energy imo. other lines 
which are not canying that data signal. In fact, a plurality of combinations, or modes, can be used 
Simultaneously, as will be developed in particular detail below. 

For the present, to establish the pictorial or physical model dearly, just the single mode illustrated in 
Rg. 6.1 will be described. As shown therein, two pairs of conductors have been selected for can-ying 
Simultaneously the same data signal. The firsi pair Is conductors 1-2 and the second is 4-5. The conductors 
in each pair are "oppositely going", which means that they receive me opposite polarities of the signal 
which is^being transmitted. For purposes of convenience, conductor 1 is labeled >lus* and conductor 2 is 
labeled 'minus*, but this is not meant to imply that the signal is a direct current signal. In fact the 
conductors will often be floating with respect to ground, so that the data signal is more property considered 
a floating aliamating current signal. For purposes of discussion, however, so that the relationships among 
the several conductors, can be followed, one will be labeled plus when the signal is of one sign and minus 
*hon It. at the wme time, is of opposite sign. Referring again to Fig. 6.1. then, conductor 4 of the pair 4-S 
IS considered positive or plus and conductor S minus. Therefore, the signal levels on conductors 1 and 4 
will always be identical, and likewise those on 2 and S will similarly afways be identical 

f^iow consider the effect upon conductors 3. 6 and 7. Whatever energy might bo coupled frorn 
conductor i ,nto conductor 3 or conductor 5 will be precisely counteracted by the energy which conductor 
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conductors. 3. 6 ard 7 is 29,0. EsMntially ail J daa ^''^ ."" '^ "<"»-"'8«ec( 

conaucors ,-2 »„d 4-5. and .he drama Jnl^'LtpSa T^^^^^ "'-'^ 
tests upon aaual cables in (act prove thai actual cables D«rfT™ „ . ^' ^''-^^ated. Physical 

as Shown in Rg. ,0. whiC is a graph ofl '.^^^^^^^^ 

logging cabJo. response of the 6.7 mode on a standard wireline 

different conceptually from L picto^TpprSh de^criLr^r" ' '"t,'"^''*'""'"' «PP™'ch is entirely 
concepts of oppositely going caJcelladon e "^n'^ .f^ead me TeLZ ''"1 "P'^" 1 

omer. and also on themselves, are related or specified mI!^.«r.! n T! ^ ° ""^ conductor on each / 
input signal on conducnr *i represented bv I. wS ortd^^ "^- ' '^^-^"doctor cable, an J 

«ro, on conducbr .2, reprasen'ta TbTo: Ui^h t^^^^^^ "Z"' 

limes a factor representing me couplino between ma^^ 1«„h !2. rnathematically as me product of I, . 
since me input to each conductor Si s?so™,?nT ""'^"f''- '"e reverse Is true, and 

on any conductor w,« be me sum o floS "0^ ^^ ts^'^ I Z^"^'' """"" 
Tom omer conductors). The Inputs and outpS^tn J^^^^ P'"* ^'S"''^ ""P'ed in 

each Of me terms relafng to coupIing^7^2,s^sln on?„. '"^'^''"at.cally as vectors I and 0. and 
matnx P. The output vectJr 0 is men me proS 0 P Les , th ? * ^°"P'^9 

When mathematically express-Vio Mch LSiw^^ « , ' " ''S''™"^'*' "efow. 

we... tne task mamematiily sTsee Hly'^^^^^^^^^ ? ""^'^'"'^ °" on itself as - 

on non.se.ec,ed conductors cJ,cel out that is f"'"''"'' '"""'^ 

■he system, and hence the S^me"^ 0 tSL ^..k " 'V^^etry of . 

oetall oe.ow,. These ■>SsS Ze 2ToT^^^^^^^^ ^^^^ 
these eigenvectors are identically me combinJu!^ « k ''^"'""'^ ^' surprisingly, 

basis Of symn^tncalcancaulSorcou"^^^^^^^^^ " specified earlier on me 

~rrer r r s b?s;:: zr-^-'- ^ - - 

.e^Srhe^at^hrtyTr^^^^^^ ri«?ea:-a^' t "^'^ ^ "-""^ "^-^ 
which wi„ be designated I, for wire 1 I for X 2 ?tc . '"P"' °^ 

by 0. for wire 1. 0, (or wire '2 etl The w rr„. ^'S"^' ^° ="""a^y represented 

input sign.s I and ;;an;o:^he;' in.^LTu; i STThil oToT 1' ""^"^^^'^ "'^ 

by me wi,e.lne cooping .atr. P. changes me ^..le^S^"^^^^^^^^^^ '"^'^^'"^"""^ 
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crassialk batween the wires, and we would obtain the simple result that 0,-^P;.l, tor i = l-5 so that tft° 
output of any wire would be proportional to the input on tftat wire. This would certainly be t^6 ideal situation 
However, in real life, capacitive and inductiva coupling exists in the wireline, loading to non-diaoonal terms 
-n the coupling matrix P. Thase cross terms, suc/i as P,j. etc' are in general as large as Ui diagonal 
s terms, making propagation of a signal on a single wire impossible without severe Interference 

With the teachings of the present invention, however, it Is not^nly possible to propagate sionaJs in such 
a cable 10 with minimal interference, but it is possible as well tfexptain mathematically how this is done 
and why It works. For convenience, we will use a condenses veaor notation to describe the line 
propagation equation (1). Denoting the output signal by 0. the iniTut signal by i. and the propagation matrix 

0 = P.I (2) 

Given that there are coupling tsmns wh\ch mix input signals, ihe next. b«st thing we might hope for is to 
impress a signal on possibly several wires and have that signal propagate undisturbed along the wireline 
except for a possible overall reducuon in amplitude. Hence the output signal O should be of the form- 
's 0 = XI (3) 

with X a consrant. This equation is shor^and for O, = XI,, 0^^u^ Q, =xJs. Combining with equation (2) 

we see that the desired signals would be given by the solution oi the equation- 
P.I = XI (4) 

Input signals I which satisfy equation (4) are then called the eigenvectors of the coupfino matrix P and 
20 X are the eigenvalues associated with these eigenvectors. Since tfie wireUne !s also a waveguide these 
^ eigenvectors are called the normal modes of the wireline. The terms -modar or "modal componerits- 
broadly refer to computed combinations of voltage or current on a polyphase Transmission line which are 
uncoupled and can be mathematically treated as if being propagated on a single electrical conductor The 
eigenvalues are simply the scaling factors which relate the Inputs to the outputs. Note that if there are no 
off-diagonal coupling terms as discussed above, the eigenvectors are simply the inputs to six individual 
wires, which, for wire i looks like: 



2S 



30 
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45 



1 = 10 I (5) 



with eigenvalue Pi i . Similar expressions are obtained for wires h to k. 

Now the eigenvectors of Ihe more general propagation matrix of equation (1) will be found. The exact 
size and nature of the individual tenns of the coupling matrix is difficult to establish quantitatively and would 
50 certainly depend on detailed properties of the particular Brie. The symmetry of the wireline does, however 
simplify the problem tremendously and allows a general solution without the specific knowledge of the 
individual terms of the coupling matrix. Indeed, that matrix can be represented schematically as in Fm 5 for 
a six-wire line, Qearly because of the symmetry of the model wo have the relations- 
= Pifi (6) • • 

S3 Pi3 = Pis 

TTiere are similar relations among the coefficients P^. P„. P,,, P„. p,,. corresponding simply to a 
renumbering of the wires, i.e. a counterclockwise rotation of 50 degrees. In fact, there are only four 
independent P;,. namely, the self-coupling term Pn ^Pji^P^.. which wo will call A^. the coupling of any 
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.10,1 lA^ A, A^ A3 A^ A^l II , 

III I I 'l 

lO^I |A^ A^ A^ A^ A3 A2I II 



to 



l°3 



I 



2 ' 

' III 
'^2 ^ \ '^l ^2 A3I I 1^1 

' III 



10,1 IS^2^^^A2| II 



10 



4 ' 

I I 



3S 



10, 



5I IA2 A3 A2 A^ A^ A^l II I 

' 1 I I 

'^1 S h h \ ^ol I^s' 



10,1 



'.^ ^ ^2 *3 *2 ^ll Hil 
' III 
1 1 a, 33 32 1 llji 



00 IO2' 1^1 1 a, a, a, a,l u 



10 



3' " '^2 ^1 ^ *i ^2 ^3' l^nl (8)' 
' ' I ill 

IO4I 1 a a^i |I | 

' ' ' III 

IO5I 



*3 *2 ^1 ^ ^ll II 

I 



°6' 1^1 a, a. a, a, 1 | ji 



5' 
I I 



1 "2 ^^3 °2 "^l 

or. using a condensed notation: 

|A B| 
0=1 , 

«» IB A| 

whore the sub-matrices A and B are given by: 



6' 



(9) 



a 
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1 1 I 



(10) 



to 



7Q 



iand 



^3 ^2 ^l' 



I 

Now ihe eigenvectors and eigenvalues of the matrix: 

U Bl 
P = I I 
IB Al 



(11) 



(12) 



have to be found. 

The problem can be reduced to that of finding the eigenvectors of the 3x3 matrices A* B. and A-B Indeed 
let X be an eigenvector of the nialrix (A-B) with eigenvalue' 
(A-B) X = X X. 
Then: 



35 



I ^\ |A Bl I x| I (A-B) x| I x| 

P i 1- = I I I I = I I = I I (13) 

lB A| |-x| l-(A-B) x| l^xl 

which shows that the vector (x.->0 is an eigenvectof o( P with eigenvalue X. Similarlv if 
(A + B)x "Xx . 
Then: 



lx| |A B| Ix| 



SO 
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IB A X 



(A+B) xl |x| 

t = ^ I I (14) 
(AH-B) x| |x| 



which sfwws that the v ctor (xx) is an eigenvector of P with eigenvalue X. 

-Tt,e aigarwectofs of the form (x.-x) are called antlsymmeiric eigenvectors and those of the form (xjc) 
syrnmeinc eigenvectors. The eigenvectors of (A-B) and (A+B), wtiich can easily be found, are given in 
Table 1 *,d illustrated in Rga. 6.1^.6. The signlllcance of these eigenvectors should be dear from the 
Phy3«l representation given in Rg. 6 and in the far right column in Table 1. whar * indicates a certain 
voltage on that we. -. the negative of that voltag . and 0 (or nulO. wro voltage. Note also that the 
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miZT.^J V ' ""^ l''"* "'Senvalue and can be convened in.o one anotner by a 

To Zn™'^?" T\ '™ ""^^S""^' o( a degenerate 

"re L r ° """'^ combinauons 0/ these two. The implicahS 

here Is that by attempUng to propagate more than two members of the sat we would n«f ,n ,rw»r, • • 
of the vectors and could not separate them uniquely. The eigenvec^rs cf mLesTrn !" ^ 
Of a degenerate set The other two eigenveaors have dfffer^TeTge^L ^nTJ^Vo^^^ 
.mpressiog the same signai on aU lines implies use of another s?gn7e.rpT ^^^^^^^^ 

'i:ZZi:\'"T'- "^^''-^ ^'""'^ ''''' ^ -aenvectors areCogc^l meyTln^^i^^ 



/5 



TABLE 1 

Eigenvectors of the Propagation Matrix for a Six- 
Conductor M.iTfii-ino 



20 



Wode Eigenvector Eigenvalue class 



Represent- 
ation 



35 



35 



(1,-1,0,1,-1,0) 



SO 



(0,-1,1,0,-1,1) l-a^-a^+a^ 



(0,-1,-1,0,1,1) l+a^-a^-a^ 



(1.1.0,-1,-1,0) l-^a^-a^-a^ 



syTumetric 



syTiunetric 



antisym- 
metric 

antisym- 
metric 



(-Irl, -1,1,-1,1) I"2ai+2a2-a3 antisym- 



metric 



(1,1,1,1,1,1) 1^2a^+2a2+a3 sy^nietric 



o + 
+ o 

4- O 

O + 

+ O 

o 

o • + 

" * O 

+ 



.+ + 



propagation on .hJ'^^S . "'^'"'^ "•'w a 7x7 matrix. The sutj-matrix describing the 

55 tne presence X ^^^^IT^Z^^^V "'"■"='"^"^ «' 

describe the clXB^ot<rri«?l °' P^°P^9^«°" "^^'^x 

seven* conduct Aa^n^Lll!. V" ""'''^ ""P""9 o< the 

IdenticallTSS mi ^^^^1 ' '^'"'"''^ ' »" wires w^couSe 

ca y W.U, me central conductor, with a coupfing indicated by b. indicating the seH coupfing of me 
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■ contral conductor by c. the propagation matrix of the seven conductor wfreline is: 

I . b| 

3 I b| 

I b| 

^ = ' ^6 ^1 (15) 

I b| 

I bl 



I b b b b b b 



,s where P. md.catas the submatrix for the sij^ire line. Ones again the eigenvectors of this matrix have to he 
found, as those will be the signals propagating undisturbed along the wireline. Since wo already know the 
eigenvectors V,.V,... of P;. this task is triviaJ. Indeed, one easily verifies that five of the new eigenvectors 



SO 



J3 



SO 



55 



fV2,0). 

<^3'°^ (16) , 

J5 (V^/0) 

il!lif„«h"v S""""^ ^'"^ sum of all the signals p.e.. the trace) of the eigenvectors V. 

through Vj vamshes. so that there is no net aoss-coupling Into the central conductor. 

The next two eigenvectors will obviously be a combination of the vector. V= (Vt.O). representing the 
propagation along the outer six wires of an identical signal, and the vector. W=(0,0.0,0 0 0 1) correspond- 
•ng to a 5,gnal propagating in the central conductor. Propagation into the central conductor generates an 

oen^Lr,", TLT ^^^J* ""^ ""^""'y P^oPasa'lng in me six outer wires 

generates a signal into the central conductor. Mathematically, this Is expressed as- 

P? V = X,V ♦ 6bW (17) 

■ PTW = bV*cW (18) 

It is found easily that the vectors: Vc = a.v ♦ b- W 

with 

•w a^b: = b/(X,-V,) 
where: 

M = i+2ai +2ai-»-a3 
are eigenvectors wth eigenvalues 
X. = ( c + )k,tv(c-x,)^ V24yV2 
< In principle these two eigenvectors could be propagated simulUneously along the line. However, since 
me-r signal strengths in any individual wire depend on the detailed properties of the line, they must be 
determined for each individual line. Furthemiore. these signals are not differential, as are the other 
eigenvectors, since their traces do not vanish, and they win be susceptible to noise. Physlcilly It Is simpler • 
to use me equatKws 17 and 16 which taU us that the central conduaor can be used, or equivalenUy the six 
outerwires. but that a common-mode contamination will be present at the output due to the cross-talk 

-n^erefore it can be concluded that the addition of the central conductor has not really changed the 
uS°!LhV^^ ^''"!'^!!* propagate simultaneously along the wireline 1 

lindisturbed. However, nly five of these are differential signals which will not be corruptetJ by noise The^ 

^n!!!irL""'^."f^ P™"« •» common-mode noise problems. If the central 

condi^ctor is fabricated such that its self coupling, c. is much larger than the cros$<oupling. b. which is the 

S^equaS^''o7, andT^ ""^""^^ ^""'^ " '^""^^"^ ""disturbed signal, as is easily seen 

Having demonstrated the theoretical basis for independent propagation of multiple signals over a six-or 
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seven-conductor wireline, a prefeaad embodimont of the invenilon will now b9 described Not onlv is ,h> 

Assume that stx Signals, designated a. b, c, d. e and f have to be trArt<mm«w • u 
Table 1. Signal a.s.-gnr„en« to me%lx ou.er lin« o/me wlrlllirarJSn S.T^^^^ ""'^^ °' 





■Une 


Mode 


1 


2 


3 


4 


S 


6 


1 


a 


-a 


0 


a 


•a 


0 


a 


0 


-b 


b 


0 


•b 


h 


3 


0 


-c 


•c 


0 


c 


c 


4 


d 


d 


0 


^ 


■a 


0 


5 


-e 


. e 




d 


-e 


e 




f 


f 


f 


f 




f 



So. ihs input voltages will be: 



^1 




a 










d 




e 


+ 


f 






-a 


- b 




c 


+ 


d 




e 


+ 


f 


^3 






b 




c 








e 




f 


^4 




a 










d 




e 




f 


^5 




-a 


- b 




c 




d 




e 




f 


^6 






b 




c 






+ 


e 


+ 


f 



(19) 



30 



II is assumed that there is only anenuation of the signals along the wireline as hers nni« « 

s'Sr? ^'.^r^'^Jf.^^^^^ - concemalwith. ^'^J^l Z'Z^o^:Z:Z^^^^^^^ 
Signals, a . b . c . d , e » and f . in terms of the line output voltages, gives: received 



35 



a' = (2 0^ - 



b' 

d' 
e' 



= ( -0, - 



°2 - 
°2 * 



= ( 
- (2 



0, - 0^ 
°1 ^2 



( -0, + 
( 0, 



°2 - 
°2 ^ 



°3 * 
0. - 



2 0-0^- 



°4 - °5 
°4 * °5 



+ 



+ 2 
+ 2 



0^ - 2 0. 



°4 ' °5 
°4 * °5 * 



0g)/6 
0g)/6 
0g)/6 
0g)/6 
Og)/e 



(20) 



50 



and. at most four s^n^ TSbi^ed^^^^^^^^ " ^'S"^" ^™ '""""^'^ 

Iransformersoro^r^i^^nlL ^ V """^ implemented through the use of 

during exJerimSTn ^ '''^'^ '"^^^ '^'V -odif.ed 

Hore'^r^^XVsS^rjitrSfl^^^^^ and differencing of voltages is shown In F.g. 8. 

«np.,i,er shown should be a high^ain operational amplifier, and the response is given by: 



53 



1 + R 
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Where 




and r" k 



to 



The signals, e.. are the signafs lo ba added by ihe circuit, apd the signals, e^. are the signals to be 
subtracted. The actuar resistances would, of course, be scaled toxonvenient values. 

An interface for transmitting to. receiving from, and powering a logging tool via a seven-conductor 
/ w.relmo is represented schematically in Fig. 9. The interface is shown for one end of the cable; the interface 

for the other end would be essentially identical Since the center conductor is subject to interference from 
potential drops, it may be used for powering the tool, with return on rhe armor. Each fine is driven 
separately from a buffer amplifier whose output impedance. 2o, »s equal to the nominal line, impedance 
(lypically 47 ohms). Each line is also connected to the input of another buffer amplifier to eliminate loading 
effects in the receiver. The buffer amplifiers are. in turn, driven from and drive groups of sum/differenca 
drcuits modeled after those describeo above. 

The interface cf Fig. 9 was implemented for testing modes l and 2 to demonstrate the performance of 
20 this invention. The transmission response of mode 1 on a standard cable is shown In Fig. lO. Note the 
smooth slope of the attenuation and the reduced delay shown by the phase characteristic. The cross- 
coupling of mode i to mode 2 has been con-espondingiy reduced. The cross-coupling itself is not shown 
Instead, Rgs. 11 fnd 12 show tne ratio of transmitted signal to cross-coupled signal for both the far end 
(Hg. 11) and the near end (Fig. 12). The data of Fig. u are important in indicating the signal-to-noise ratio 
j5 which would be expeaed at the far end of the cable when transmitting two signals simultaneously at the 
near end. Likewise. Rg. 12 indicates the signal-to-noise ratio axpi-cted when simultaneously receiving one 
and transmitting another signal at (he near end. 

To test a method of compensation for the high-frequency attenuation of the wireline, a least-SQuares fit 
to the daw of Rg. io was computed. The simulated transmission response, a 13-2ero/i3-pole transfer 
30 function, is shown as the lower curve in Fig. The high-frequency response is easily compensated by the 
addiiton of a single zero at o = -30.000 Hz In ine s-plane of me complex frequency. The resulting tranafer 
function IS shown as the upper cun^e in Fig. 13. This type of transfer function is easily realized as an 
operational analog circuit The resultant transfer function should be quite suitable. 

As may be seen, therefore, the present invention has numerous advantages. The most imponant 
35 advantage is the suostaniiai improvement in data handling capacity of multi-conductor logging cables 
without the necessity to make any physical modifications to those cables themselves. This Is particularly 
Important m view of the substantial inventory and consequent economic veiue of cables already In use in 
the industry. Another advantage of the present invention is its versatility, rendering it useful for visually any 
borehole logging application wherein intar-conductor coupling losses need to be reduced or eliminated 
^ Also, although described in particular with respect to six and seven conductor cables, it will be clear that the 
invention is much more general, and can be applied to cables having other numbers of conductors, whether 
more or fewer than she or seven. Advantageously, the present invention can also be implemented relatively 
inexpensively, thereby making it an attractive addition which should And nearly universal adoption in the 
togging Industry. The invention thus removes a major obstacle to the further development and utilization of 
<s nigh data rate toots. 

While the methods and forms of apparatus herein described constitute preferred embodiments of this 
mvention, it Is to be understood thet the InvenUon is not limited to these precise methods and forms of 
apparatus, and that changes may be made therein without departing from the scope of the invention. 



50 



Claims 



1. A method for transmitting data through a cable, comprising: 
a) transmitting such data oppositely going on the conductors of at least one conductor pair such that 
55 siibstanhally all non-aelected conductors In the cable are substantially equally coupled to oppositely going 
conductors m the selected data carrying conductors, and such that the iransmlned data which Is coupled 
mductveiy and capadtiveiy into the non-seiected conductors is. for each such non-selected conductor 
accordingly coupled substantially equally in both directions or polarities to cause coupling of the data' 
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and providing for improi/ad bandwidth data transmission independemly of lemoeratiirB !J , 

b) receiving ihe data which Is transmitted through the cable 
'0 3. The method as cJaimed Jn claim 2 wherein said step of selectina At iea^t twn n,;.* ^« ^ ^ - 

20 5 Th'f I""' '^^""«'"9 such dau according to salfl transmlning step 

B. The method of claim 5 wherein said receiving step furtfier comorlsp.! »^«rt;««" ,h 
signals lor each of the channels from the superimpos^ sig^s ^ 

" me itrt^^""" °' "^'^ ' '^'""'■"'"S -'"P"^^- "'ecting the conductors for . 

h! hT'??"^!'^ propagation characteristics of the wireline by a coupling matrix 
D) determining the eigenvectors of the coupling matrix and » • 

o conduaors for the data in accord with "these eigenvectors 

. b) for each such channel, transmitting the Oaia for that channel- 

cnfprt7Xa!r.-2^^^ r^?' '^'^'^ - ""^ conductor of 

data signalsl^ra^LrraS P»«'C"'ar 
each o?.::;trnr.orrr^^^^^^ — « - -0.- - ^ign^s for 

w.enneVr««^t;^'Sr"'''' '"'-conductor propagation characterls^c of the 
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6) determining lUe eigenvectors of the coupling matrix, and 
c} selecting the conductors for ihe data in accord with these eigenvectors. 
1 0. Apparatus for transmitting data through. a cable, comprising: 
a) means for transnnitting such data oppositely going on the conductors of at least one conductor pair 
5 sucfi that substantially all non-selected Oonduaors In the cable are substantially equally coupled to 
oppositely going conductors in the selected data carrying conductors, and such that the transmined data 
which is coupled Inductively and capacitively into the non-selected conductors is, for each such non- 
selected conductor, accondlngly coupled substantially equally in both direoions or polarities to cause 
coupling of The data signals from me selected conductors into each of the non-selected conductors to be 
to effectively cancelled due to the symmetrically presented but oppositely signed coupled signals, thereby 
effectively neutralizing mutual impedance-caused bandwidth limiting frequency dependant signal atienuation 
in the logging cable and providing for improved bandwidth data transmission independently of temperature 
and environmentally dependent changes in inter-conductor coupling in ihe logging caole while the cable is 
being used in a borehole, and 
'5 b) means for receiving the data which is transmlned through the cable. 

n. The apparatus as claimed in claim 10 further comprising means for selecting at least two pairs of 
conductors for transmitting the same data on each pair. 

12. The apparatus as claimed in claim 11 wherein said means for selecting at least two pairs of 
conductors for lrar^snrLi«lng such data further comprises means for transmitting the data substaniially eauaily 
on each selected pair, such that the signal levels for mat data on one conouctor of one pair are substantially 
equal to those on one conductor of the other pair, and those on the other conductor of each pair are also 
substanUally equal to each other, and the conductors in each pair are oppositely going conductors for the 
data signals. 

13. The apparatus as claimed in claim 10 wherein said means lor transmitting further comprises means 
« for transmitting multiple, independent data signals on a plurality of channels In the cat>le by, for each such 

channel, selecting at least one set of conductors which, while permitted to share conductors with another, is 
a unique set of conductors for thai channel. 

14. The apparatus as claimed in claim 13 wherein said means for transmitting further comprises means 
for additiveiy superimposing the various data signals for each such selected conductor on that conductor 

so regardless of the various channels with which those panicular data^ignals are associated. 

15. The apparatus es claimed in claim 14 wherein said means for receiving further comprises means for 
extracting the various data signals for each of the channels from said superimposed signals. 

16. The apparatus as claimed In claim lO wherein said means for transmining furmer comprises means 
for selecting the conductors for the data by: 

a) representing the propagation characteristics of the wireline by a coupling matrix. 

b) determining the eigenvectors of the coupling matrix, and 

c) seieciing the conductors for the data in accord with these eigenvectors. 

17. An apparatus for transmitting multiple, independent data signals through such a cable on multiple, 
independent channels and with improved bandwidth, comprising: • - 

a) for each such channel, means (or selecting at least two pairs of conductors lor transmitting the 
same data on each pair, such that: 

i) substantially all non-seleaed conductors in the cable are substantially equally coupled to oppositely going 
conductors in the selected data carrying conductors, and such that Ihe transmined data which is coupled 
inductively and capaciUvely into the non-selected conductors Is. (or each such non-selected conductor, 
accordingly coupled substantially aquaily in both directions or polarities lo cause coupling of the data 
signals from the selected conductors into each of the non-seiected conductors to be offecUvely cancelled 
due to the aymmetrically presented but oppositely signed coupled signals, thereby effectively neutralizing 
mutual impedance^aused bandwidth limiting frequency dependant signal attenuation in the logging cable 
and providing for Improved bandwidth data transmission independently of temperature and environmentally 
dependent changes in inter-conductor coupling In the logging cable while the cable is being used in a 
borehole, and • 

ii) the corvjuctors for each such channel, while permitted to share conductors wiih another, a/e a unique set 
of conductors for that channel, 

b) for each such channel, means for transmitting the data for that channel: 
i) substantiaJly equally on each selected pair, such that the signal levels (or mat data on one conductor of 
one pair are substantially equal to those on one conductor of the other pair, and those on the other 
conductor of each pair are also substantially equal to each other, and the conductors in each pair are 
oopositsty going conductors for the data signals, and 
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b) determining tna eigenvactors of the coupling matrix and 
^ c) selecting the conductors for the data in accord with "mesa sigenvactors. 

logging ,"2^ ' °™ °' "^^ '"^5°'"° ^'^"^^ ^ mu.t.-conductor borehole 

boXletoggMg^Si' " ''"^ °' "'^^^"'"^ calms , or use .i.l, . mulU-conductor 

w.r^roi'sr.^^^^^^ - — - -^-^-^ 
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